The study objective was the determination of thermal conditions in Poland in 2018 on the background of the multi-annual period 1966-2018. The study was based on data obtained from the Institute of Meteorology and Water Management -National Research Institute. The research showed a statistically significant increase in mean daily air temperature in the years 1966-2018. The highest mean annual air temperature over the prevailing area in the analysed multi-annual period was recorded in 2018.
Introduction
In the majority of data sets, years 2014, 2015, and 2016 set new global records of heat since the commencement of regular meteorological measurements (Rahmstorf et al. 2017) . As emphasised by some authors, the situation was unprecedented, because three record years in a row had never occurred before. Kolendowicz et al. (2019) analysing thermal conditions in Poznań (Poland) in the years 1848-2016 evidenced that 7 out of 10 warmest years occurred in the twenty-first century, and the warmest year was 2014. According to NOAA (2019) , in the years 1880-2018 at the global scale, 9 out of 10 warmest years are those after the year 2000, with a maximum in 2016 (mean anomaly 0.95°C). Year 2018 was classified on the fourth position, with mean anomalies at a level of 0.79°C.
The observed warming is manifested in among others increasingly frequent occurrence of intensive heat waves. Cases of such waves were observed in 2003 and 2006 in West and South Europe (Rebetez et al. 2009; Muthers et al. 2017) , in 2010 in East Europe (Dole et al. 2011; Grumm 2011; Otto et al. 2012) , and in 1994 and 2015 in Central Europe (Hoy et al. 2017; Muthers et al. 2017; Tomczyk and Bednorz 2019) . Each of the aforementioned waves caused a considerable increase in the number of deaths (Kuchcik 2001; Gabriel and Endlicher 2011) , but also serious losses among others in tourism and energy engineering (de Bono et al. 2004; UNWTO -World Tourism Organization 2008; García-Herrera et al. 2010 ). In spite of the observed warming, several-day-long periods with very low air temperature in the winter season are still recorded. This is exemplified by the considerable cooling in Central Europe (including Poland), in January 2016 and 2017 and in February 2018 (Report of the Government Centre for Security 2016 Security , 2017 Security , 2018 . A similar cold episode was also recorded on the Balkan Peninsula in the first half of January 2017 (Anagnostopoulou et al. 2017; Deniz and Uslan 2018) . Like in the case of heat waves, considerable drops in air temperature, however short, also had serious social and economic consequences (Anagnostopoulou et al. 2017) .
A further increase in temperature is expected in the following decades. It will be the most intensive in the winter season, which corresponds with the currently observed warming. The changes in the territory of Poland are forecasted to reach even 4.3°C in the years 2071-2100 according to the RCP 8.5 scenario (Piniewski et al. 2017) . Numerous studies also showed that heat waves in Europe will be not only more frequent, but also more intensive (Meehl and Tebaldi 2004; Zacharias et al. 2015; Muthers et al. 2017) . According to such forecasts, extreme heat waves similar to the "mega heat waves" from 2003 and 2010 (Barriopedro et al. 2011 ) will be also recorded in Poland in the foreseeable future.
As mentioned above, year 2018 was the fourth warmest year at the global scale. Weather conditions in Poland and Europe also often appeared in mass media communications due to frosts in the beginning of the year and followed by long period of high temperatures and low precipitation. Considering the above facts, the objective of the study was the assessment of thermal conditions in Poland in 2018 on the background of the years 1966-2018. The analysis covered both mean monthly and daily conditions.
Research area, data, and methods
The study was based on daily values of mean air temperature obtained for 40 stations in Poland (Fig. 1) . The data were provided by the Institute of Meteorology and Water Management -National Research Institute (IMGW-PIB), and covered the period 1966-2018.
First, mean annual and mean monthly air temperature was calculated for particular years. Then, annual and monthly air temperature anomalies were calculated. Moreover, daily air temperature anomalies were computed for each day of the year 2018. The anomalies were calculated as the difference between mean value of air temperature in a particular year, month, and day, and the mean value in such periods in the multi-annual period 1981-2010. The adopted period of reference is recommended by the World Meteorological Organization (WMO) which recommends adopting the most valid period of 30 years for climatological studies (finishing in a year ending with 0). Tendencies of air temperature fluctuations were determined by means of linear regression, and the significance of trends was verified by means of a Student t test at a level of 0.05.
Then, based on daily air temperature anomalies, periods with the highest and lowest anomalies in 2018 were determined. The synoptic situation was analysed for the designated periods based on weather maps provided by IMGW-PIB.
Results
In the years 1966-2018, mean annual air temperature in Poland was 7.8°C, and its increase occurred from the northeast to south-west and west (Table 1). The described spatial distribution was disturbed in mountain areas, where terrain elevation above sea level is a factor considerably modifying thermal conditions. The lowest mean annual air temperature was observed in areas located the highest, i.e., Kasprowy Wierch and Śnieżka, at a level of − 0.3°C and 1°C, respectively. Outside mountain areas, mean annual air temperature varied from 6.7°C in Suwałki to 9.2°C in Słubice. In the analysed multi-annual period, throughout the study area, a statistically significant increase in mean annual air temperature was recorded, and the most intensive changes were observed in Wrocław (0.44°C/10 years). On the background of the multi-annual period, high air temperature was particularly observed in the period from the beginning of the twenty-first century. Within the last 19 years, only year 2010 was characterised by mean air temperature below the multi-annual mean value. At the scale of the entire area, the year with the highest mean air temperature in the analysed multi-annual period was 2018, with an anomaly of 1.6°C. Eight out of 10 warmest years occurred after 2000. The situation was replicated in many singular stations. Namely, in 65% of the stations, 2018 was the warmest, and in the remaining stations, the year 2014 (within the mountain area and north-western area of the country) or 2015 (eastern region of the country) appeared outstandingly warm.
As evidenced above, the warmest year in the analysed multi-annual period was 2018. A detailed analysis of thermal conditions was performed for that year. Mean annual air temperature in 2018 for the entire area amounted to 9.5°C and was higher than the mean value from the multi-annual period by 1.6°C (Fig. 2 ). An increase in mean annual air temperature occurred from the north-east to south-west (with the exception of mountain areas). As usual, its lowest values were recorded in mountain areas, and the lowlands' mean annual air temperature fluctuated from 8.2°C in Suwałki to 11.3°C in Wrocław. Positive anomalies of mean annual air temperature were recorded throughout the entire study area. Their values increased from the north to south of the country, with a maximum in the south-west. The lowest anomaly value was recorded in Świnoujście (1.1°C), and the highest in Wrocław (2.2°C) and in Warszawa (2°C).
In 2018, the lowest mean monthly air temperature was recorded in February (− 3.7°C) and it was lower than average by 2.5°C, while the highest in August (19.9°C) and it was higher than average by 2.7°C (Fig. 3 ). Moreover, a lower than average mean air temperature was also recorded in March. Like in February, it was lower by 2.5°C. In April, mean air temperature was higher than the multi-annual mean value by 4.6°C, and it was the month with the highest anomalies in 2018. Almost equally high anomalies were recorded in May (3.3°C on average) with the highest values in northern Poland. Among months with positive anomalies, the lowest values were on average recorded in November (1.3°C).
In February, the lowest mean air temperature (with the exception of mountain areas) was recorded in north-east regions of the study area, with a minimum in Suwałki (− 5.7°C). Considerably higher mean air temperature was observed in the south-east and west of the country and at the coast, with a maximum in Świnoujście (− 1.2°C). It was considerably colder in areas located the highest, where mean air temperature was − 11.3°C on Kasprowy Wierch and − 10.9°C on Śnieżka. In the aforementioned stations, the highest anomalies were also recorded, equal to − 3.1°C and − 4.3°C, respectively ( Fig. 3) . Over the major part of the country, anomalies of mean air temperature varied from − 2.5 to − 3°C, and the lowest ones were observed in the east of the country with a minimum in Terespol at − 1.9°C.
March was another month with mean air temperature lower than the multi-annual mean value. In the analysed month, mean air temperature below 0°C (except for mountain areas) was recorded in east Poland and in Pomerania, and the minimum was observed in Suwałki (− 2°C). The highest mean air temperature occurred in the south-west regions of the country, with a maximum in Wrocław (1.9°C) and Opole (1.8°C). In mountains, mean air temperature amounted to − 7°C on Kasprowy Wierch and − 6.9°C on Śnieżka. A different spatial distribution concerned mean air temperature anomalies (Fig.  3) . The greatest deviations from the multi-annual mean value were recorded in the north-west regions of the country, where the anomalies were < − 3°C (in Szczecin − 3.5°C). The lowest anomalies were recorded on Kasprowy Wierch at − 0.7°C. Over a major part of the area, they varied from − 2 to − 2.5°C.
In the remaining months, mean air temperature was higher than mean value of the multi-annual period. Mean anomalies for the study area varied from 1.3°C in November to 4.6°C in April (Fig. 3) .
Mean monthly air temperature in April increased from the north to south (with the exception of mountain areas). In the vast majority of stations at the coast, its values did not exceed 10°C, and the minimum was recorded in Hel 8.7°C. The lowest anomalies (not exceeding 4°C) were observed in the same area, with a minimum in Świnoujście and Hel reaching 2.5°C and 2.6°C, respectively. The highest values of mean monthly air temperature were recorded in southern Poland where over a vast majority of the area, it exceeded 14°C, with a maximum in Tarnów at 14.7°C. Southern Poland is also characterised by the highest anomalies, exceeding 5°C. Their maximum value was recorded in Bielsko-Biała and Zakopane, where they reached 6°C.
The course of daily anomalies of mean air temperature in 2018 provided the basis for distinguishing several evidently colder-and warmer-than-average periods. The first one occurred at the turn of February and March (Fig. 4) . Air temperature was considerably lower than on average in the multiannual period. Since 21 February to 4 March, negative anomalies of air temperature were recorded throughout the study area, and their maximum in the majority of stations occurred on 27 February. On that day, mean air temperature in Poland reached − 12.3°C and was lower by 12.1°C. On the analysed day, the lowest mean air temperature was recorded on Śnieżka and Kasprowy Wierch − 21.8°C and − 19.4°C, respectively. In lowlands, an increase in mean air temperature occurred from the south-east and east to the north-west. In particular stations, it varied from − 16.8°C in Zakopane to − 6.6°C in Świnoujście. On that day, mean air temperature was lower than the multi-annual mean value, ranging from 8.1°C in Świnoujście to 15.8°C on Śnieżka. The described cooling was caused by the persistence of a strong high pressure system over a major part of the continent, with the centre over Scandinavia (> 1055 hPa on 27 February). The persistence of the system blocked the movement of the frontal zones from over the Atlantic and Mediterranean Sea. The aforementioned baric conditions caused advection of arctic air masses.
The first of evidently warmer periods in 2018 was observed from 7 to 25 April. In the majority of stations, the highest anomalies were recorded on 9 April (Fig. 5) . On that day, mean air temperature in the study area was 14.9°C and was higher than average by 9.3°C. The lowest mean air temperature was recorded on Kasprowy Wierch (4.5°C) and on Śnieżka (7.3°C). Outside mountain areas, mean air temperature increased from the north-west and west to the south-east of the country. In particular stations, it varied from 9.1°C in Świnoujście to 20.4°C in Tarnów. In the aforementioned stations, the lowest and highest anomalies were also recorded, equalling 3.7°C and 12.5°C, respectively. In the first decade of April, high pressure systems dominated over a major part of the continent. Such baric conditions caused not only advection of polar-maritime air masses, but also strong inflow of solar radiation with small or no cloud cover. On 9 April, Poland was under the influence of a high from over west Russia, and local low from over south Germany, which guaranteed advection of warm masses of polar-maritime air from the south.
The second evidently warmer-than-normal period occurred from 30 October to 15 November (Fig. 6 ). In the majority of stations, the optimum of the period was observed on the day of its commencement. On the same day, mean daily air temperature in the analysed area was 14.9°C and was higher than average by 9.4°C. In mountain stations, it was 4.6°C on Kasprowy Wierch and 4.8°C on Śnieżka. Outside mountain areas, the lowest values of mean air temperature were recorded in the north-east regions of the country, and the highest in the southern regions. In particular stations, it varied from 10.8°C in Suwałki to 17.9°C in Tarnów. More than 17°C was also recorded in Opole, Bielsko-Biała, Lesko, Rzeszów, Raciborz, Wrocław, and Sandomierz. On the analysed day, mean air temperature was higher than average by 4.5°C on Śnieżka to 11.8°C in Lesko. Anomalies above 11°C covered a major part of south-east Poland. In the analysed period, equally high anomalies were recorded on 5 and 6 November, and their maximum was observed on Kasprowy Wierch 11.8°C (on 5 November). At the turn of October and November, a high Fig. 4 Anomalies of mean daily air temperature from 21 February to 5 March (a; numbers of stations in accordance with numbers of stations in Table 1 , arranged from northern to southern location), mean daily air temperature on 27 February (b) and its anomalies (c), and weather situation on 27 February (d); PA, arctic air mass; PPm, polar-maritime air mass; PPk, polar-continental air mass; PZ, tropical air mass; W, atmospheric high; N, atmospheric low. Source of weather maps: Institute of Meteorology and Water Management -National Research Institute Fig. 5 Anomalies of mean daily air temperature from 7 to 25 April (a; numbers of stations in accordance with numbers of stations in Table 1 , arranged from northern to southern location), mean daily air temperature on 9 April (b) and its anomalies (c), and weather situation on 9 April (d); PA, arctic air mass; PPm, polar-maritime air mass; PPk, polar-continental air mass; PZ, tropical air mass; W, atmospheric high; N, atmospheric low. Source of weather maps: Institute of Meteorology and Water Management -National Research Institute Fig. 6 Anomalies of mean daily air temperature from 29 October to 15 November (a; numbers of stations in accordance with numbers of stations in Table 1 , arranged from northern to southern location), mean daily air temperature on 30 October (b) and its anomalies (c), and weather situation on 30 October (d); PA, arctic air mass; PPm, polarmaritime air mass; PPk, polarcontinental air mass; PZ, tropical air mass; W, atmospheric high; N, atmospheric low. Source of weather maps: Institute of Meteorology and Water Management -National Research Institute pressure system persisted over East Europe, with the centre over west Russia. Over the remaining area of Europe, low pressure systems moved from the south-west. On 30 October, Poland was under the influence of a low pressure system, with the centre over Benelux. The described baric situation caused the advection of warm tropical air masses. Around noon, a cool front entered over the study area from the south-west, followed by the advection of polar-maritime air masses. Somewhat lower air temperature in many stations was recorded on 11, 17, and 22 November.
Discussion and summary
The research revealed an increase in mean daily air temperature in the years 1966-2018. The recorded changes were statistically significant in the entire area, and the highest rates of changes were observed in the southern Poland with a maximum in Wrocław. A similar spatial distribution of changes was demonstrated by earlier research conducted in different time frames (Migała et al. 2016; Owczarek and Filipiak 2016; Tomczyk 2018) . Kolednowicz et al. (2018) analysing thermal conditions in Poznań in the years 1848-2016 determined the rate of changes in air temperature at a level of 1.1°C/100 years, and over the last 30 years, it increased to a level of 4.6°C/100 years. Stronger warming in recent years was also indicated by Kundzewicz and Huang (2010) analysing changes in air temperature in Potsdam (1893 Potsdam ( -2009 .
Year 2018 was the warmest year in the analysed multiannual period over a major area (in 65% of stations). Its mean air temperature amounted in Poland to 9.5°C. It was higher than the multi-annual mean value by 1.6°C. The highest anomalies were recorded in the south of the country with a maximum in the south-west. Hoy and Hänsel (2019) evidenced that the analysed year was exceptional in terms of temperature, particularly in Central and Northern Europe, as manifested by early occurrence of heat waves and hot nights (tropical nights) which often persisted until October. Only in one-third stations analysed in this study, the highest mean annual air temperature was recorded in 2014 or 2015. Particularly year 2015 showed the record air temperature values in many regions (Hoy et al. 2017) . It was also the year when numerous heat waves stroked Central Europe (Wibig 2018; Tomczyk and Bednorz 2019) . During that summer, four heat waves occurred in Poland (Sulikowska et al. 2016 ). The longest one came in the first half of August, and in many stations, it was the longest since World War II (Krzyżewska and Dyer 2018) .
In 2018, during only 2 months (February and March), mean monthly air temperature was lower than the multi-annual average. In the case of both months, the anomalies averaged − 2.5°C, and the highest values of the anomalies were recorded at the turn of February and March. The highest positive anomalies were observed in April, when they averaged 4.6°C. The beginning of the month was particularly exceptionally warm, with the anomaly maximum on 9 April. In Germany, April and May were the warmest months since 1881 (Hoy and Hänsel 2019) .
The study evidenced very high variability of thermal conditions in 2018, from strong frosts to a long period of high temperature throughout the study area. Such variability of thermal conditions can be associated with the variability of the North Atlantic Oscillation (NAO). At the turn of February and March, the negative phase of NAO was strongly manifested, resulting in considerable drops of air temperature. However, the positive phase was predominant throughout the year 2018 (based at NAO index from Climate Prediction Center, available at https://www.cpc.ncep.noaa.gov/, Barnston and Livezey 1987) . The NAO influence on the weather over the Atlantic and its neighbouring continents is most pronounced in the cold season, and it explains 36.7% of the variance in the winter, but only 22. 1% in the summer (Barnston and Livezey 1987; Hurrell et al. 2003) . This is mainly because of the seasonal variation of the oscillation strength and partly because of the seasonal changes in the spatial patterns of the NAO dipole centre locations (Barnston and Livezey 1987; Portis et al. 2001; Pokorná and Huth 2015) . The summer NAO has a smaller spatial scale than its winter counterpart and both centres are shifted north, which means that the summer southern dipole is located over North-Western Europe rather than over the Azores-Spain region (e.g. Hurrell et al. 2003) . Such anticyclonal blocking pattern over Europe in the positive NAO phase brings warmer-thannormal weather conditions over Europe, like in 2018. Similar episodes of low and high air temperature were also recorded in earlier years both in Central Europe (Hoy et al. 2017; Tomczyk and Bednorz 2019) and in South Europe (Anagnostopoulou et al. 2017) . According to several studies, extreme weather conditions in mid-latitudes can be associated with faster warming at higher latitudes than at medium latitudes (Arctic amplification). This results in an increase in the amplitude of Rossby waves and their slower movement southwards Vavrus 2012, 2015; Cohen et al. 2014; Francis et al. 2017) . The consequences are more permanent weather patterns at medium latitudes and higher possibility of the extreme weather conditions. Duchez et al. (2016) analysing the heat wave from 2015 evidenced that oceanic anomalies and the resulting strong southern SST gradient could have caused the expansion of a Rossby wave resulting in the stationary character of the Jet Stream, which translated into an increase in pressure and extreme air temperature over Central Europe. Extreme weather conditions in mid-latitudes, such as appeared in the 2018 year in Poland with cold spells in winter and-almost persistently-exceptionally warm other seasons, should be investigated in terms of all-encompassing Northern Hemisphere circulation patterns both at low-and middle-and hightropospheric levels.
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